The kinetic features of the myo-inositol transport system in Pseudomonas putida are reported. The system is sensitive to osmotic shock, is not operative in membrane vesicles, and does not involve substrate phosphorylation. Lineweaver-Burk plots indicate the presence of two different systems, whose K, are 5 ,AM and 0.43 mM and whose V,,,, are 7.9 and 27 nmol/mg per min, respectively.
Although cyclitols are ubiquitous in the natural environment, very few systems for their transport by microorganisms have been described. Our laboratory has previously reported details of inositol transport by Saccharomyces pombe (3) and Klebsiella aerogenes (5) (6) (7) (8) 13 ). In the latter organism, a 'membrane-bound protein" transport system, which involves a cyclitol-proton symport, is present (13) . We now have found that, in contrast, a periplasmic binding protein is involved in cyclitol transport by Pseudomonas putida.
MATERIALS AND METHODS
Organism. P. putida was isolated from soil by elective culture on myo-inositol in minimal medium (5) . The organism was identified by J.-C. Piffaretti, Institute of Hygiene, Geneva. It was grown in minimal inositol as reported earlier for K. aerogenes (5) , except that the growth temperature was 20°C.
General methods. Transport assays were done as previously described by a membrane filtration technique in 0.1 M phosphate buffer, pH 7.0 (5).
Osmotic shock was performed according to Neu and Heppel (12) . The shock fluid was concentrated either with Sartorius no. 12136 ultrafiltration membranes (Gottingen, Germany) or by 80% (NH4)2,04 precipitation. Binding tests were done by ultrafiltration in an MRA ultrafiltration cell (Boston, Mass.); samples (0.8 ml) containing 0.16 mg of protein and 50 iM myo-[2-3Hlinositol were filtered on UM 10 Diaflo (Amicon, Lexington, Mass.) membranes. Controls were performed with shock fluid or radioactive substrate plus 100-fold excess of nonlabeled myo-inositol or with labeled myo-inositol and lactate dehydrogenase instead of shock fluid.
Cell homogenates were prepared as described previously (5); cyclitol dehydrogenase activity in the centrifuged homogenate was determined by the method of Berman and Magasanik (1) Cirillo (4) .
Identification of metabolites after transport. Incubation medium contained 0.55 mM myo-[U-
"4C]inositol (3 LCi/Amol). After 30 s of uptake, it was diluted with a 10-fold volume of mineral medium at 0°C. The cells were centrifuged in the cold at 10,000 x g for 10 min and suspended in the same volume of 80% ethanol at 80°C, and, after 10 min, the suspension was centrifuged at 40,000 x g. The pellet was then suspended in the same volume of water and centrifuged again at 40,000 x g, and the supernatant fluids were pooled and concentrated to dryness. Chromatographic analysis of water-soluble products was done on Whatman no. 1 paper in either water-saturated phenol or acetone-water (4:1).
RESULTS
Induction of the cyclitol transport system. The cyclitol transport activity of glucose-grown cells was only 10% ofthat ofmyo-inositol-grown cells (Fig. 1) .
Assuming an intracellular water volume of 2.5 Al/mg (dry weight), the internal cyclitol concentration reaches 2 mM when the extracellular concentration is 0.1 mM. With a lower cyclitol concentration (0.03 mM) in the medium, the ratio intracellular-extracellular concentration increases to 80.
Sensitivity to osmotic shock. Transport activity of either osmotically shocked or toluenetreated P. putida was reduced by 80% when uptake measurements were done in 0.025 mM myo-inositol. In contrast, transport activity of shocked cells was reduced by approximately 60%, whereas that of toluene-treated cells was reduced by 80% when transport activity was determined using 0.55 mM myo-inositol in the medium. This effect was not due to cell lysis since osmotic shock did not change the viability of the organism; the numbers of colonies obtained by plating shocked and control cells were identical.
A phosphoenolpyruvate-phosphotransferase system is presumably not involved in cyclitol transport, since the radioactivity associated with phosphorylated compounds was very low and constant during pulse-chase experiments (Fig. 2) . Furthermore, membrane vesicles from P. putida prepared by the Kaback method (9) did not transport myo-inositol, even in the presence of: 20 mM D-lactate, 50 mM adenosine triphosphate or phosphoenolpyruvate, 10 mM reduced nicotinamide adenine dinucleotide, and/or 20 mM succinate.
Binding activity. Upon osmotic shock, the cells released 13 ,ug of protein per mg of cell (dry weight). Binding tests performed on the concentrated shock fluid in the conditions described above showed that 230 pmol of myoinositol was bound per mg of protein.
Kinetics of influx. The entry of myo-inositol did not follow simple Michaelis-Menten kinetics. A Lineweaver-Burk plot of the transport measurement results was biphasic, with two different Kt (Fig. 3) . The K, of the high-affinity system was 5 uM and that of the low-affinity system was 430 uM; Vm., values were 7.9 and 27 nmol/min per mg, respectively. Figure 4 shows that, at low concentrations of myo-inositol, uptake by osmotically shocked cells is nonsaturable and is not dependent on substrate concentrations.
However, at higher substrate concentrations, the shocked cells display some concentrationdependent, saturable transport activity (KW, 430 ,IM; V.,,,, 3 nmol/min per mg).
Comparigon of these results with those obtained with toluene-treated cells confirmed that the values presented in Fig. 4 represent true transport at high-substrate concentration rather than nonspecific absorption by cell structures.
In glucose-grown cells, the activity of both systems was only 10% of those of myo-inositolgrown cells (Fig. 5) .
At myo-inositol concentrations higher than 2 mM, in glucose-grown cells as well as shocked or unshocked myo-inositol-grown cells, cyclitol binding seems to occur by a nonsaturable process independent of the binding protein presence.
Inositol dehydrogenase. Although both inositol isomers were oxidized, the rate of oxidation of scyllo-inositol by the dehydrogenase present in cell homogenates was twice that of myo-inositol.
Rate of transported cyclitol metabolism. Since myo-inositol was routinely used to study the transport system, its rate of metabolism was investigated in detail by chromatographic examination of the intracellular inositol content during transport. After 30 s of incubation, myo-inositol represented 80% of the total intracellular radioactivity, 2-keto-myo-inositol represented 12%, and an unidentified metabolite (R,, 0.95 in acetone-water) represented 8%.
Transport system specificity. Since only two labeled cyclitols are presently available, the specificity of the transport system was investigated by testing the ability of various analogs to inhibit myo-inositol uptake. This procedure permits estimation of the extent the analog binds to the carrier, but it does not indicate whether the cyclitol in question is itself transported. The cyclitols tested are listed in Table 1 . Modifications listed are in reference to myoinositol as the parent structure. The system is highly specific for the myo-isomer since the Ki of the most potent hexitol inhibitor (the scylloisomer) is 10-fold higher than the K, of myoinositol. Inversion of the hydroxyl group on carbon 2, 3, 4, or 6 had less effect on the inhibitory power than inversion at Cl or C5. The importance of Cl and C5 for the binding ability The results of substrate accumulation and kinetic measurements suggest that osmotically shocked cells lose all high-affinity transport activity but retain approximately 10% of their initial low-affinity uptake activity. These results are consistent with noninvolvement of binding protein in the low-affinity transport system.
The ability of P. putida to catabolize both myo-and scyllo-inositol and the unavailability of other radioactive cyclitols complicate study of the transport system. However, since these compounds are transported much faster than they are metabolized, transport experiments of short influx duration can yield significant results.
The inositol dehydrogenase of P. putida, which attacks both myo-and scyllo-inositol, is less specific than that of K. aerogenes (7), which oxidizes only the myo-isomer. In contrast, the transport system ofP. putida is more specific than that of K. aerogenes (6) . In P. putida the lowest K, of any inhibitor tested (inosamine) was six times greater than the K, of myo-inositol. Compounds whose Ki is greater than 250 ,uM (50-fold the K( of myo-inositol) can be considered noninhibitory. Any change at Cl and C5 makes the cyclitol unable to bind to the carrier, whereas C3 and especially C2 seem to be less important for binding activity.
